Superconductivity in La1-xSmxO0.5F0.5BiS2 (x = 0.2, 0.8) under
  hydrostatic pressure by Selvan, G. Kalai et al.
1 
 
 
 
Superconductivity in La1-xSmxO0.5F0.5BiS2 (x = 0.2, 0.8) under hydrostatic 
pressure 
G. Kalai Selvan1‡, Gohil Thakur2‡, K.Manikandan1, A. Banerjee3, Zeba Haque2, L. C. Gupta2†, 
Ashok Ganguli2 and S. Arumugam1* 
1Centre for High Pressure Research, School of Physics, Bharathidasan University, 
Tiruchirapalli 620024, India. 
2Solid State and Nano Research  laboratory, Department of Chemistry, Indian Institute of 
Technology New Delhi 110016, India. 
3UGC-DAE Consortium for Scientific Research, University Campus, Khandwa Road, 
Indore-452001, India. 
 
Abstract 
We have investigated the pressure effect on the newly discovered samarium doped              
La1-xSmxO0.5F0.5BiS2 superconductors. More than threefold increase in Tc (10.3 K) is observed 
with external pressure (at ~1.74 GPa at a rate of 4.08 K/GPa)) for x = 0.2 composition. There is a 
concomitant large improvement in the quality of the superconducting transition. Beyond this 
pressure Tc decreases monotonously at the rate of -2.09 K/GPa. In the x = 0.8 sample, we do not 
observe any enhancement in Tc with application of pressure (up to 1.76 GPa). The 
semiconducting behavior observed in the normal state resistivity of both of the samples is 
significantly subdued with the application of pressure which, if interpreted invoking thermal 
activation process, implies that the activation energy gap of the carriers is significantly reduced 
with pressure. We believe these observations should generate further interest in the La1-
xSmxO0.5F0.5BiS2 superconductors.  
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1. Introduction 
In year 2008, discovery, of new superconducting compounds like Fe based pnictides 
LnFeAsO1-xFx with Tc exceeding 50 K has renewed interest in superconductivity in correlated 
electron systems in condensed matter physics[1–7]. Recently superconductivity has been 
reported in the layered compound Bi4O4S3, Tc = 8.6 K[8,9]. Following this report, other BiS2-
based superconductors including electron doped LnO1−xFxBiS2 (Ln = La, Ce, Pr, Nd, Yb)[10–
18], La1−xMxOBiS2 (M = Ti, Zr, Hf, Th)[19] and Sr1-xLnxFBiS2[20–22] have been found with Tc 
~ 2.5 K to 10 K. It may be pointed out that Sm-based compound SmO1-xFxBiS2 doesn’t exhibit 
superconductivity down to 2 K[23], while the other rare earth compounds (Ln = La, Ce, Pr, Nd 
and Yb) are superconducting (with, Tc = 2.5 – 5.6 K)[10,13–15,17,18,24,25]. These compounds 
share a common BiS2 layer which serves as the basic structural building block of this new 
superconducting family. As shown in figure 1 the structure consists of a stacking of alternating 
BiS2 bilayers and Ln-O spacer layers. Electrical resistivity under pressure[21,26–30] revealed 
that Tc of BiS2 based superconductors is sensitive to application of pressure and can be 
significantly enhanced as observed in the cuprates[31,32] and Fe-based families[6,7] The 
structural changes caused by the application of external hydrostatic pressure results in a 
suppression of the semiconducting behavior and enhancement in Tc in LaO0.5F0.5BiS2 to 10.1 K 
(6.1 K/GPa)[26,27,30,33], 6.7 K for CeO0.5F0.5BiS2 (2.2 K/GPa)[34], PrO0.5F0.5BiS2 to 7.6 K (2.5 
K/GPa)[34] and NdO0.5F0.5BiS2 to 6.4 K (1.56 K/GPa)[34] and on further increasing the pressure 
Tc decreases slowly in the same way as in the layered pnictides and chalcogenides. A general 
trend is evident, that at ambient pressure substitution of smaller rare earth ion increases the Tc 
and on the other hand the effect of pressure seems to diminish with the size of rare earth in 
LnOBiS2[25,33]. In the normal state of these materials, there is a significant suppression of 
semiconducting behavior with pressure which is continuous up to the transition pressure ‘Pt’ (Pt 
= Pressure induced semiconductor-metal transition). A rapid increase of the charge carrier 
density is inferred from both the suppression of the semiconducting behavior and the rapid 
increase of Tc in this region. With increasing pressure the BiS2-type compounds show an abrupt 
transformation from the low Tc phase to a high Tc one, with a characteristic maximum pressure 
ranging from ~ 1.5 to 2.5 GPa [18,26,34]. In order to achieve an optimum chemical doping it is 
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essential to understand the pressure effect on superconductivity and suppression of the energy 
gap in this material. Here, we report the variation of Tc of the La1-xSmxO0.5F0.5BiS2 (x = 0.2, 0.8) 
samples at ambient and under external hydrostatic pressure studied with dc magnetic 
susceptibility (0.8 GPa) and electrical resistivity measurements (~ 2 GPa). Our results show 
enhancement from Tc = 3.2 K at ambient pressure to Tc upto ~ 10.3 K at an applied pressure 1.74 
GPa in x = 0.2. However, Tc for x = 0.8 sample exhibits almost no change with application of 
pressure. Semiconducting and metallic behavior of La1-xSmxO0.5F0.5BiS2 has been explained with 
the help of energy gap.  
2. Experimental details 
Polycrystalline samples La1-xSmxO0.5F0.5BiS2 (x = 0, 0.2 and 0.8) studied were 
synthesized by solid state reaction route and characterized as described by Thakur et al[23]. The 
dc magnetization studies at various applied pressures up to ~1 GPa were performed down to 2 K 
in an applied magnetic field of 10 Oe in zero-field cooling with a vibrating sample magnetometer 
(VSM) option in the Physical Property Measurement System (PPMS, Quantum Design, USA). 
The external pressure was generated by a piston-cylinder pressure cell (Easy Lab Technologies 
Mcell 10). The applied pressure in the cell was calculated by the change of superconducting 
transition temperature of pure Sn (99.99%). A mixture of Fluorinert FC 70 and FC 77 (1:1) was 
used as pressure transmitting medium. The normalized (dc) electrical resistivity measurements 
under ambient and various hydrostatic pressures (up to ~ 2 GPa) down to 4K were carried out by 
conventional four-probe method using clamp type hybrid hydrostatic pressure cell and Closed 
Cycle Refrigerator - Variable Temperature Insert (CCR-VTI)  system. The sample size of  
1.0×0.8×0.4 mm3 was used in these experiments. For conventional four probe method, the 
contacts were made by high quality silver paste with copper wire of  0.15 mm and the Daphne 
#7474 was used as a pressure transmitting medium and the actual pressure inside the cell was 
calculated using a calibration curve that was previously obtained from structural transitions of 
bismuth at room temperature by Honda et al[35]. 
3. Results and Discussion 
We reported enhanced superconductivity in La1-xSmxO0.5F0.5BiS2 system by means of 
chemical pressure, replacing larger La ions by smaller Sm ions. We found a Tc increases upon 
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substituting Sm ions for La; Tc = 3.2 K for x = 0.2 and a maximum Tc of 4.6 K for x = 0.8 
composition[23]. Here, we have chosen lower (x = 0.2) and higher (x = 0.8) samarium doped 
samples of La1-xSmxO0.5F0.5BiS2 series for our high pressure studies.  
 
3.1 Magnetic measurements 
Magnetization measurement in zero field cooled condition at low field (H =10 Oe) in the 
temperature range of 2 – 10 K for the samples x = 0.2 and 0.8 are shown in figure 2 (a and b). As 
observed earlier[23] a clear onset of diamagnetic signal corresponding to superconductivity with 
Tc ~ 2.8 K was observed for x = 0.2 (Fig.2 (a)) and at 4.3 K for x = 0.8 (Fig.2 (b)) at ambient 
pressure. On application of pressure this diamagnetic signal shift smoothly to higher temperature 
for x = 0.2 and also the superconducting volume fraction increases. A maximum Tc of 6 K is seen 
in sample with x = 0.2 at a pressure of 0.8 GPa (limit of our magnetization pressure cell). The 
variation of Tc with respect to pressure i.e. the rate of pressure coefficient for x = 0.2 sample is 
~3.78 K/GPa, which is quite large as compared to other rare-earth based systems 
Ln(O,F)BiS2[33,34]. Whereas no change either in Tc (~4.3 K) or in the superconducting volume 
fraction is observed in the sample with x = 0.8. Importantly, this is the first report of pressure 
dependent magnetization studies in LnOBiS2 materials.  
 
3.2 Resistivity measurements 
Temperature dependence of resistivity for La1-xSmxO0.5F0.5BiS2 (x = 0.2 and 0.8) at various 
applied pressures are shown in the Fig. 3. Superconductivity at ambient pressure is characterized 
by a sharp drop in resistivity to zero at 3.2 K for x = 0.2 and 4.6 K for x = 0.8 samples (insets of 
fig.3. (a and c)). The onset Tc is determined as an intersection of two extrapolated lines drawn 
through 90% and 10% resistivity transition curve (as indicated in the insets of fig.3.(a and c)). 
This significant enhancement in Tc upon increasing Sm doping has been attributed to the increase 
in chemical pressure generated due to substitution of smaller Sm ions at the La site[23,36,37]. 
On application of pressure there is a significant increase in Tc onset from 3.2 K at P = 0 GPa to 
10.3 K at P = 1.76 for x = 0.2 sample, as seen in figure 3b. It is to be noted that a zero resistance 
state for x = 0.2 sample is not observed in figure 3 (a and b) since our CCR-VTI system were 
limited to 3.5 K and therefore the ambient pressure resistivity data of x = 0.2 showing the 
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superconducting transition is plotted in the inset of figure 3a. At pressure ~0.35 GPa and 0.62 
GPa the superconducting transition is broad with Tc onset ~ 6.9 K and 7.4 K respectively (Tc zero 
not seen till 3.5 K). A sharp transition is however observed at higher pressure (upto 1.76 GPa) 
with maximum Tc onset 10.3 K and Tc
zero to 9.2 K (at 1.74 GPa). The highest pressure coefficient 
dTc/dP for x = 0.2 (La0.8Sm0.2O0.5F0.5BiS2) is estimated to be around ~4.1 K/GPa at 1.74 GPa. On 
further increasing pressure Tc
onset suddenly decreases to 6.2 K (at 1.96 GPa) with a pressure 
coefficient of -2.09 K/GPa. The variation of Tc
onset from resistivity data as a function of pressure 
for x = 0.2 is plotted in figure 3(e). Tc values obtained in the magnetization measurements are 
slightly lower than what obtained from resistivity studies due to the inhomogeneity of the 
polycrystalline sample. The sharp increase in superconducting transition temperature under 
hydrostatic pressure of just above 1 GPa may be due to structural phase transformation as 
observed in other recently studied systems[27,38]. Also, there is a possibility of the strong 
electron correlation in BiS2 superconducting layers being enhanced under pressure.    
 Figure 3 (c and d) shows the plots of temperature dependence of the electrical resistivity 
ρ(T) for sample with x = 0.8 composition at various applied pressures. From figure 3(d and f) it 
is clearly seen that with pressure the Tc onset increases insignificantly from ~4.6 K to 4.93 K (at 
1.76 GPa). Tc(ρ=0) also increases very slightly from around 4.1 K to 4.4 K. The estimated 
dTc
onset/dP for x = 0.8 is ~0.028 K/GPa. Resistivity data corroborates the magnetization data 
where no significant enhancement in Tc was observed (figure 3 (f)). 
Semiconducting behavior in the normal state resistivity is seen at various pressures for x = 0.2 
and x = 0.8. While this semiconducting behavior is suppressed drastically with increase in 
pressure for x = 0.2 sample, only slight improvement in metallicity was observed for x = 0.8 
sample (figure 3 (a and c)). At pressure P = 1.96 GPa the sample with x = 0.2 becomes metallic. 
The normal state resistivity also keeps on decreasing with applied pressures up to 1.74 GPa for 
both the sample with x = 0.2 and 0.8.  
  
                    To explore the normal state semiconducting properties and to see their trend with 
pressure, we show, in figure 4, the log(ρ) vs 1/T plot for x = 0.2 and 0.8 samples at various 
pressures up to 1.96 GPa for x = 0.2 and 0.8. We do this considering that the resistivity in the 
semi-metallic regime is governed by thermal activation of carriers and the values of energy gaps 
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may be determined from these plots. The observed resistivity versus temperature data in the 
entire temperature range could not be fitted for a single gap. The observed resistivity data could 
be described in two different temperature regions by the following activation energy relation. 
ρ(T)=ρ0e
Δ(1,2)/2KBT
, 
where, ρ0 is constant, Δ is energy gap and kB is the Boltzmann constant. The fitting has been 
done in two distinct regions, in the temperature range 300 to 200 K with energy gap Δ1 (vertical 
linear fit), and in the temperature range ~25 K to Tc
onset with energy gap Δ2 (horizontal linear fit). 
Analysis of ρ(T) data at ambient pressure gives the estimated values of the energy gaps Δ1/kB ~ 
27.45 K and Δ2/kB ~ 1.19 K for the x = 0.2 compound.  Interestingly, these values obtained are 
considerably less than those reported for other rare earth based BiS2 based superconductors 
[26,27,30,34,38,39]. This is due to improved normal state properties of La0.8Sm0.2O0.5F0.5BiS2. 
Further we show in figure 5 the variation of ρ at 11 K just above the Tc, Residual Resistivity 
Ration (RRR) and energy gaps (Δ1/kB, Δ2/kB) with various applied pressure from 0 to 1.96 GPa 
for x = 0.2 and 0.8. In sample with x = 0.2, (figure 5 a and b) the rise in resistivity at low 
temperatures induced by the semiconducting behavior is markedly suppressed upon applying 
pressure, particularly beyond 1 GPa. It can be clearly seen from Fig. 5(b) that both energy gaps 
Δ1 and Δ2 (for x = 0.2) decreases gradually with applied pressure till 1.5 GPa. The decrease is 
quite rapid beyond this pressure. The decrease of energy gap with increasing pressure, suggests 
an increase of charge carriers density at the Fermi surface with application of pressure. 
Interestingly, first principal calculations have suggested that there could be either 
insulator/semiconductor to metal transition accompanied with superconductivity at low 
temperature under pressure[40,41]. As seen in figure 3 (e) the onset Tc initially shows a steep 
increase for x = 0.2 sample; however, it gradually decreases above ~ 1.7 GPa. The rate change of 
Tc above 1.7 GPa is ~ -2.09 K/GPa. The observation of highest Tc achieved coincides with 
sudden decrease in the Δ/kB values indicating a possible phase transformation. The highest Tc 
obtained at 1.74 GPa is achieved with a marked suppression of the semiconducting behavior, and 
Tc then suddenly decreases upon approaching the metallic region when both the energy gaps 
overlap. Clear observations of decreasing semiconducting behavior in the normal state resistivity 
is observed as also indicated by large decrease in ρ11K values, (ρ11K = 0.15 mΩ-cm at 0 GPa, and 
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0.07 mΩ-cm at 1.74 GPa and 0.009 mΩ-cm at 1.96 GPa). This is evident in figure 5 a. The 
decrease in normal state resistivity (ρ11K), by more than an order of magnitude at a pressure of 
0.35 GPa along with the change from semiconducting to metallic behavior is quite interesting. It 
is believed that under pressure S-Bi-S bond angle along with inter-atomic distances change, 
which in turn affects the charge density at Fermi surface and hence a clear change in normal state 
electrical transport properties.  
Figure 5 (c and d) shows the estimated ρ at 11 K just above the Tc and Residual 
Resistivity Ration (RRR), and variation of calculated energy gaps (Δ1/kB, Δ2/kB) with applied 
pressure from 0 to 1.76 GPa for sample with x = 0.8. Normal state properties of x = 0.8 
composition do not change much. Thus the variation in the energy gaps Δ1/kB and Δ2/kB with the 
applied pressure to 1.76 GPa is also not very prominent. The magnitude of ρ11K decrease from 
0.03 mΩ-cm to 0.02 mΩ-cm at 1.76 GPa. There is an insignificant variation in the Tc (Tc 4.58 K 
at 0 GPa and 4.62 K at 1.76 GPa) with a rate of pressure coefficient 0.028 K/GPa (figure 2 f). It 
is observed that with increasing pressure the normal state semiconducting behavior also does not 
change much. This is slightly different quantitatively from earlier reports on pressure dependent 
superconductivity of other BiS2 based superconducting (La/Pr/Nd/Ce)O0.5F0.5BiS2 
compounds[26–28,30,34,42].   
The coexistence of insulator to metal transition and threefold increase of Tc in x = 0.2 on 
one hand and no change in Tc and normal state properties in x = 0.8 under applied pressure on the 
other hand warrants further detailed structural studies under pressure in these new materials. A 
qualitative explanation of different behavior of these two Sm-doped samples is discussed below. 
In La1-xSmxO0.5F0.5BiS2 substitution of small amount of Sm at La sites produces a small internal 
chemical pressure by lattice contraction and slightly enhances the effective overlap of Bi and S 
orbital[23]. This lattice contraction is further facilitated by external pressure. As the Fermi-level 
is sensitive to structural compression, pressure would lead to upshift of Fermi level[43] and 
hence a high Tc (~ 10 K) is achieved. In case of x = 0.8 which already has a relatively high Tc 
(4.6 K) at ambient pressure, the lattice contraction is already too strong and hence applying 
external pressure would only lead to excess of the charge carrier density in the system in which 
case pressure would have no effect on Tc. 
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4. Conclusion 
We report here how superconductivity in the new superconductors La1-xSmxO0.5F0.5BiS2 
(x = 0.2, 0.8) is influenced by the application of hydrostatic pressure. We show that 
superconducting transition temperature Tc in La0,8Sm0.2O0.5F0.5BiS2 is increased from 3.2 K to 
above 10.3 K under pressure just above ~1.5 GPa. This is a dramatic more than threefold 
enhancement of Tc. The quality of superconducting transition is also very significantly improved 
under high pressures. In addition there is a concomitant improvement in the normal state 
resistance and suppression of semi-metallic behavior of the material.  While there is virtually no 
effect of pressure on Tc of the x = 0.8 material, there does occur a transformation from 
semiconductor to metallic behavior in the normal state just as in the sample with x = 0.2. The 
precise mechanism driving the enhancement of Tc with pressure is not clear at present. High 
pressure X-ray diffraction experiments on the samples investigated here are needed to determine 
whether the pressure-induced enhancement of Tc and the suppression of semiconducting 
behavior in the normal state are related to a structural transition.  
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Figure captions  
Figure.1. (color online) Crystal Structure of layered LnOBiS2 materials  
Figure.2. (color online) The dc magnetization recorded at 10 Oe as a function of temperature at 
different applied pressures for La1-xSmxO0.5F0.5BiS2 (a) x = 0.2 and (b) x = 0.8 in the low 
temperature range. Inset of the both figures show the change in Tc as a function of pressure in the 
magnetization measurements.  
Figure.3. (color online) Temperature dependence of the resistivity of La1-xSmxO0.5F0.5BiS2 at 
various pressures (a and b) x = 0.2 and (c and d) x = 0.8 and variation of magnetic and resistive 
Tc with pressure (e and f). Insets of (a and c) shows the superconducting transition for x = 0.2 and 
0.8 at ambient pressure.   
Figure.4. (color online) log(ρ) vs 1/T plot at various pressures  for La1-xSmxO0.5F0.5BiS2 (a) x = 
0.2 and (b) x = 0.8. The vertical and horizontal solid lines are the linear fitting to the activation 
energy equation at high and low temperature respectively.  
Figure.5. (color online) Pressure dependences of ρ (at 11 K, just above Tc), RRR and calculated 
energy gaps (Δ1 and Δ2) for La1-xSmxO0.5F0.5BiS2 (a and b) x = 0.2 and (c and d) x = 0.8. 
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Figure. 4. 
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Figure. 5. 
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